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Abstract—This paper investigates mathematical model of a 
high gain step-up boost converter built around coupled inductor 
and switched capacitor. Unlike the classical boost converter, 
which transfers input power to the output during the switch OFF 
period, here power is transferred to the output during the switch 
ON period. A state space averaging method is employed to derive 
the small signal ac model with ideal components. The control to 
output transfer function exhibits a non-minimum phase system 
identical to the conventional boost converter. The derived model 
is validated via simulation. A dual loop average current mode 
controller is designed to regulate the converter output voltage. 
Experimental results taken from a 250W laboratory prototype 
operating with an input voltage of 20V and output voltage of 
190V verify the effectiveness of the controller. The proposed 
converter is well suited for renewable energy and grid connected 
power system applications.  
Keywords—High step-up DC-DC Converter Modelling, Control 
design, Coupled Inductor and Switched Capacitor. 
I.  INTRODUCTION  
Many application involving power electronic converters 
requires the regulation of either the input voltage/current or 
output voltage/current of the power converter. For example, in 
solar photovoltaic (PV) pumping applications the input voltage 
of the converter is controlled to track the maximum power 
point of the PV modules [1-3].  Similarly, in a grid connected 
inverter systems, the output current can be controlled using 
advanced techniques to improve power quality performance, or 
eliminate DC current injection in transformerless 
systems[4],[5].  
In distributed power generation system [6], specific dc-dc 
power electronics converters with regulated input current or 
output voltage are required to meet the requirement of various 
local loads before interconnection with the utility grid and/ or 
onward supply to consumer loads. Proton exchange membrane 
(PEM) fuel cell (FC) systems are widely used in conjunction 
with auxiliary energy storage system (ESS) in electric vehicles 
[7]. The practical implementation of a FC powered vehicle 
requires a dc-dc power converter to boost the low voltage FC 
stack output voltage to the rated load voltage. Various 
converter topologies have been proposed depending on the 
application. A possible solution is to use conventional boost or 
buck-boost converters that step-up the voltage and allow easy 
control of converter input/output current and output voltage. 
The main drawback of classical non-isolated boost or buck-
boost converters is extreme duty operation and its lower 
efficiency when operating under steep input-output voltage 
transfer ratio.  
In many modern applications, such as uninterruptible 
power supply (UPS) [8], battery charging and discharging [9], 
electric vehicles [10] and motor control [11], a dc-dc converter 
is used as an interface to produce a regulated output voltage 
from unregulated source. The ratio of input voltage to output 
voltage can often be considerable. Depending on the magnitude 
of the source voltage, a high step-up dc-dc converter is required 
to raise the source voltage to match the requirement of the load. 
This paper presents modelling and control design of the 
high step dc-dc boost converter topology proposed in [12]. The 
converter adopts coupled inductor and switched capacitor to 
achieve high conversion ratio; whilst minimizing the 
semiconductor device stress typically observed in power 
converters of a similar type. This topology is chosen because of 
its distinct operational characteristics of transferring the input 
power to the output during switch ON period due to its 
configuration, and suitability to connect PV system to the 
network via module integrated inverters. Converter dynamics 
are discussed in details and proper control is design 
accordingly using dual loop current mode control. 
II. CONVERTER DESCRIPTION AND ANALYSIS 
Fig. 1 shows the circuit of the considered high step-up 
converter highlighting the model of the coupled inductor as an 
ideal transformer in parallel with magnetizing inductor ܮ௠ and 
in series with leakage inductance 	ܮ௅௞ [12-14]. 	 ௜ܸ௡,	 ைܸ denotes 
the input and output voltages of the converter respectively 
and	ܴை represent the resistive load. The converter comprises a 
coupled inductor and switch	ܵ. The coupled inductor serves 
two purposes: energy storage and voltage extension, 
theoretically minimizing the magnetic components count. The 
primary and secondary windings are denoted by	݊ଵ,	݊ଶ and the 
coupling references denoted by ‘’*’’. The primary winding 	݊ଵ 
is coupled to the corresponding secondary winding	݊ଶ. The 
input side is connected to the clamp capacitor 	ܥ஼ via a clamp 
diode 	ܦ஼ and this combination is called passive clamp circuit 
for recycling the leakage inductance energy. The voltage 
extension cell comprises the clamp diode	ܦ஼, the clamp 
capacitor	ܥ஼, the switched capacitor	ܥ௠ and the secondary  
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Fig. 1 Considered High step-up converter circuit 
winding of the coupled inductor. The output voltage of the 
converter during the switch ON instant is given by 
 ைܸ = ஼ܸ௠ + ஼ܸ௖ + ܰ ௜ܸ௡ (1) 
During the switch OFF instant, the voltage across the clamp 
and switched capacitor is denoted by  
 ஼ܸ௖ = ௜ܸ௡ (1 − ܦ)⁄  (2) 
 ஼ܸ௠ = ܰ( ஼ܸ௖ − ௜ܸ௡) + ஼ܸ௖ (3) 
Using (1), neglecting the leakage inductance effect and 
assuming the voltage across all the capacitors to be constant, 
the voltage gain of the converter can be expressed as 
 ܯ = ைܸ
௜ܸ௡
= ܰ + 2(1 − ܦ) (4) 
Where ܦ is the converter duty cycle and ܰ is the coupled 
inductor turns ratio. 
III. SMALL SIGNAL MODELLING 
As previously explained, the converter operation is divided 
into two subintervals (switch ON and OFF instances). During 
each interval, the converter equations are derived and can be 
written in state space model form 
 ݔሶ  =ܣ௜ݔ +	ܤ௜ݑ									 			݅ = 1,2         (5) 
The state vector is defined as 
 ݔ = ሾ݅௅௠		ݒ஼௖			ݒ஼௠			ݒை	ሿᇱ (6) 
And the input is defined as 
 ݑ = ሾ ௜ܸ௡ሿ (7) 
The average model of the circuit in Fig.1 can be developed 
by averaging the state equations of the ON-period and OFF-
period (neglecting short operating intervals). The converter is 
assumed to operate in a continuous conduction mode (CCM). 
During the switch ON instant one get the following equations 
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And the equation of the OFF state is given by 
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Using the state space average method in [14], the state 
space equations that describe the converter dynamics are given 
by 
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Where	݀ᇱ = (1 − ݀) 
A. Steady State 
The state space averaged DC model that describe the 
converter in equilibrium is obtained by letting the left-hand 
side (LHS) of (10) equal to zero, from which 
 X = −ܣିଵܤܷ (11) 
And the set of attainable equilibrium points are 
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From (12), the steady state voltage gain of the converter 
considering the leakage inductance is given by  
 ைܸ
௜ܸ௡
= (ܰ + 2)	ܴ௢	ܦ(1 − ܦ) (ܦܴ௢ + (ܰ + ܦܰ)ܰ ܮ௄)  (13) 
B. Perturbation and Linearization 
A linearized system can be developed by introducing 
perturbation around the steady state value of the averaged 
model calculated in (10), containing the steady state dc value  
represented by uppercase letter and a superimposed ac 
variation represented by lowercase symbol with circumflex. 
For instance the perturbation definitions for the state variable 
are:	݅௅௠ = ܫ௅௠ + ଓ̂௅௠,	ݒ௜௡ = ௜ܸ௡ + ݒො௜௡, ݒ௢ = ௢ܸ + ݒො௢ and ݀ =
ܦ + መ݀. The following expressions are obtained 
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(14) 
Equation (14) is linearized about the nominal equilibrium 
point by expanding and neglecting the higher order 
perturbation terms, then removing the steady-state quantities 
gives the small signal ac model of the converter. Then, by 
taking the Laplace transform the following equation results 
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(15) 
From (15) various transfer functions can be developed 
suitable for closed loop control system design of the converter 
such as control to output (16), control to magnetizing inductor 
current (17) and output voltage to current (18) transfer 
functions    
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The control-to-output transfer function describes a 
standard third order system and exhibit a non-minimum phase 
system, which is typical behavior of converters with boost or 
buck-boost characteristics. 
C. Model Validation 
The control-to-output transfer function in (16) is verified 
in simulation by perturbing duty cycle set point with sinusoids 
of different frequencies and stores the corresponding output 
voltage. A discrete point can be found from the frequency 
response that describes how the system responds to the 
magnitude and phase of the injected sinusoids. Therefore, the 
control-to-output transfer function can be estimated from the 
measured data. Fig. 2 illustrates the Bode plots of both the 
calculated and estimated response of the control-to-output 
transfer function. It is reasonable to conclude that a good 
agreement exist between the models. This means that the 
calculated model can be used for the real system frequency 
domain analysis and controller design. The parameters used in 
the simulation and that of the calculated model are those listed 
in Table I.  
 
Fig. 2 Bode plots of model validation in Matlab 
TABLE I.  CONVERTER PARAMETERS 
Parameter Rating 
Output Power ( ைܲ) 250 W 
Input Voltage ( ௜ܸ௡) 20 V 
Output Voltage ( ைܸ) 190 V 
Switching Frequency ( ௦݂) 50 KHz 
Clamp capacitors (ܥ஼) 4.7 µF 
Switched Capacitor  (ܥ௠) 10 µF 
Output capacitor  (ܥை) 50 µF 
Turns Ratio (݊ଶ ݊ଵ⁄ ) 1:1.8 
Magnetizing Inductance (ܮ௠) 82 µH 
IV. CONTROLLER DESIGN 
Fig. 3 illustrates the control strategy used to investigate the 
closed loop dynamic performance of the converter. It is a 
typical dual loop control, comprising of inner current loop and 
outer voltage loop. The presence of the right half plane (RHP) 
zero in the control-to-output transfer function of converters 
with boost or buck-boost characteristics tends to destabilize 
the traditional single-loop feedback control. It is difficult to 
obtain an adequate phase margin (PM), because during 
transient the phase lag of the right (RHP) zero causes the 
output to change initially in the wrong direction [15]. 
The primary goal is to regulate the converter output 
voltage.The output voltage changes as the load shift and the 
detected feedback signal are processed via a proportional-
integral (PI) controller. The outer voltage loop provides the 
reference signal of the inner current loop, and this reference is 
compared with the measured input current, and the error is 
processed via the inner current loop PI controller. The loops 
are usually defined to satisfy certain design criteria of PM and 
bandwidth. The duty cycle value is determined by the inner 
current control loop. The outer voltage loop has slow 
dynamics whilst the inner current loop has fast dynamics. This 
is to allow the input current to respond more quickly than the 
converter output voltage. Using the transfer functions 
presented in (17) and (18), the dual loop controller can be 
designed, using the average current mode control method [15].  
Fig. 4 shows the block diagram of the current mode control 
structure in continuous domain. The padѐ approximation block 
and a static gain represents the converter pulse width 
modulation (PWM) module [16]. 
 
Fig. 3 Control diagram of dual loop control architecture 
Fig. 4 Block diagram of current mode control  
A. Innerr Current Control Loop 
Using the block diagram in Fig. 4, the inner current PI 
controller is designed first, using the control to duty cycle 
transfer function of (17), whose Bode diagram is shown in 
Fig.5.The open loop transfer function of the inner current 
control loop (simply a cascade connection of all blocks) is 
required to design the controller. This transfer function is  
given by  
 
ܩ௢௅(ݏ) =
ܭ௣(ݏ + ܭ௜ ܭ௣)⁄
ݏ 		
(1 − ݏ ௦ܶ 4)⁄
(1 + ݏ ௦ܶ 4)⁄ ܪ௜(ݏ)ܩ௜ௗ(ݏ) (19) 
where ܪ௜(ݏ) is the current sensor gain. The continuous time 
system in (17) is first discretized with zero order hold (ZOH) 
given by 
 
ܩ௜ௗ(ݖ) = ܼ{
1
ݏ (1 − ݁
ି௦்௦)ܪ(ݏ)ܩ௜ௗ(ݏ)} (20) 
Once this is available, the digital PI controller is designed 
directly in the discrete time domain using methods similar to 
continuous time frequency response. The compensator design 
is driven by certain specifications concerning the closed loop 
performance (such as speed of response or tracking error with 
respect to the reference signal). For this reason, a closed loop 
bandwidth ஼݂௅ of one tenth of the switching frequency ௦݂ is 
intended to be achieved with at least phase margin PM of	60୭. 
The subsequent step is to determine the proportional gain ܭ௣ 
and integral gain	ܭூ that guarantee compliance with these 
specifications. 
 
Fig. 5 Control to duty cycle transfer function Bode diagram 
The controller is designed in Matlab using a “sisotool” 
graphical user interface based on Zeigler-Nichols tuning that 
allows the closed loop frequency response to be interactively 
changed by modifying the pole-zero location of the PI 
compensator. The corresponding feedback compensator gains 
from the same interface are ܭ௣ = 0.011 and ܭூ ௦ܶ = 0.00005 
respectively. 
B. Outer Voltage Loop 
The outer voltage PI controller is design in similar way 
using the voltage to current transfer function (18), the Bode 
diagram is shown in Fig. 6. As previously explained , the outer 
voltage loop has slow dynamics, this is done to consider the 
inner current control loop as having a unitary gain and zero 
phase when designing the outer voltage loop.  The open loop 
gain is  
 
ܩ௢௅(ݏ) =
ܭ௣(ݏ + ܭ௜ ܭ௣)⁄
ݏ ܪ௩(ݏ)ܩ௩௜(ݏ) (21) 
where ܪ௩(ݏ) is the voltage transducer gain. To ensure 
sufficient stability around equilibrium point due to parameter 
variation influence, a closed loop bandwidth ஼݂௅ of one tenth 
of the inner current loop is intended to be achieved with at 
least phase margin PM of	60୭. Following the same method 
described in the current loop the proportional gain ܭ௣ and 
integral gain	ܭூ of the voltage loop that guarantees compliance 
with these specifications are ܭ௣ = 0.7 and ܭூ ௦ܶ = 0.0019 
respectively. 
 
Fig. 6 Bode diagram of voltage to current transfer function 
V. EXPERIMENTAL VALIDATION 
To verify the theoretical analysis and the closed loop 
dynamics performance of the converter. A 250W prototype is 
considered here and its parameters are listed in Table I. The 
input current of the converter and output voltage is measured 
by sampling the signal from the respective sensors 
synchronized with the apex of the PWM carrier signal. The 
control routines are implemented digitally in real time via 
TMS320F28335 digital signal processor. The transient 
response characteristics such as settling time, peak over shoot 
and steady state error for output voltage regulation during the 
load perturbation are observed. The measured experimental 
result of the load disturbance cases are demonstrated in Fig. 7 
and 8 
In Fig. 7, a step change in load resistance is applied, 
causing a step decrement in output power from 250 W to 125 
W and vice versa at fixed input voltage of 20 V. The results 
clearly show that the desired output voltage is well regulated, 
with zero steady state error. Likewise, at the point of a load 
change, there is no overshoot or undershoot in the output 
voltage waveform. The output current settles at the next 
steady-state value due to duty ratio adjustment to regulate the 
converter output voltage. Another load disturbance is applied 
in Fig. 8, causing a step decrement in output power from full 
load to no load and vice versa. Once more, the dynamic 
characteristics indicate that the output voltage stays constant, 
with zero steady state error. Note that for all these perturbation 
cases the output voltage is insensitive to the disturbance, due 
to the performance of the controllers.   
 
Fig. 7 Step change in load from half load to full load 
 
Fig. 8 Load change from full load to no load                                   
VI. CONCLUSION 
The derivation of the small signal model of a high step-up 
converter with coupled inductor and switched capacitor in 
CCM is presented in this paper. The derived model is 
validated in simulation and used in the design of the 
controllers. The dynamic response of the converter under the 
influence of the designed PI controller is verified via an 
experimental laboratory prototype converter. The proposed 
converter exhibits high performance, high gain operation. It is 
a beneficial alternative to the conventional boost converter in 
many industrial applications. 
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